Single crystal Ni/Co͑111͒ superlattices have been grown by molecular beam epitaxy. The Ni thickness is 3 ML whereas the Co thickness varies from 0.2 to 4 ML. The superlattices were studied using magnetometry and ferromagnetic resonance spectroscopy and they all exhibit strong perpendicular to the plane magnetic anisotropy. The maximum magnetocrystalline anisotropy is obtained for one cobalt monolayer. Kerr microscopy measurements show the variation of domain pattern as the Co layer thickness changes.
For the past 10 years there has been great interest in the transfer of spin angular momentum between a spin-polarized current and a ferromagnetic conductor. The angular momentum transfer exerts a torque, the spin transfer torque, on the ferromagnetic conductor which may induce switching or steady state precession. This effect was predicted in 1996 ͑Refs. 1 and 2͒ and then observed in 2000 ͑Refs. 3 and 4͒ and should enable a range of magnetic devices such as high performance random-access magnetic memory. 5 One key advance needed to realize a practical device is the reduction in the currents necessary to obtain magnetization switching while maintaining the thermal stability of the device. It has recently been demonstrated that samples exhibiting perpendicular anisotropy provide a pathway to low switching current and large thermal stability. 6 Moreover, it has been shown that using perpendicular ͓Co/Ni͔ multilayers the switching current is directly proportional to the anisotropy energy and may be decreased to 120 A. 7 To further decrease the switching current, model systems with well controlled outof-plane anisotropy are needed.
In this context, single-crystalline Co/Ni͑111͒ superlattices ͑SLs͒ [8] [9] [10] [11] are good material candidates, since it is possible, starting from this material, to build a fully epitaxial spin valve. In this letter, we present structural and magnetic characterization of single-crystalline Co/Ni͑111͒ SLs in which the Ni thickness is kept constant at 3 ML and the Co thicknesses is varied. The magnetic properties of the films are investigated at room temperature using conventional magnetometry and ferromagnetic resonance spectroscopy ͑FMR͒. Strong perpendicular anisotropy is observed even for submonolayer Co thicknesses and up to several monolayers. The origin of this feature comes from the high Co/Ni interface anisotropy. Both magnetization and magnetocrystalline anisotropy is quantitatively studied versus Co thickness. Finally, from Kerr microscopy measurements the domain pattern could be measured and compared.
Ni/Co͑111͒ single crystal SLs were grown by molecular beam epitaxy with a base pressure around 2 ϫ 10 −11 h Pa with cryogenic panels full of liquid nitrogen. The films were deposited on ͑1120͒ single-crystalline sapphire substrates and outgassed in situ at around 1200 K. The multilayer films have the following layer structure ͑thickness in monolayers͒: sapphire substrate/bcc V ͑110͒/fcc Au ͑111͒-10/fcc ͑111͒ ϫ͕Ni 3 / Co X ͖ 10 / Au capping layer with the Co layer thickness X varying from 0 to 4 ML. The V seed layer proves effective for good adhesion of the whole stack on sapphire. V was deposited at 0.1 nm/s by using an electron gun. Au, Ni, and Co were evaporated using Knudsen cells at respectively 1500, 1600, and 1750 K. The epitaxial relationship between each layer is determined by using reflection high-energy electron diffraction ͑RHEED͒ electron diffraction. The Au, Ni, and Co growth rates were determined from the RHEED intensity oscillations during the growth. In order to obtain a smooth surface, the Au seed layer was grown at room temperature and annealed afterwards at 500 K. The chemical quality as well as a possible interdiffusion of the layers was checked using x-ray photoelectron spectroscopy ͑XPS͒ and Auger electron spectroscopy ͑AES͒. The overall magnetic properties were determined by superconducting quantum interference device ͑SQUID͒ magnetometry. Hysteresis loops were measured along the sample's in-plane and out-of-plane axis in magnetic fields up to 4 T. From the hysteresis loops, the saturation magnetization M s and the perpendicular magnetic anisotropy constant values K 1 are determined. Ferromagnetic resonance was conducted from 4 to 50 GHz using a broadband coplanar waveguide method. 12 The applied field is swept at a fixed microwave frequency, perpendicular to the film surface and rf magnetic field. Measurements of the resonance field versus frequency are used to determine K 1 . Magneto-optical Kerr microscopy in the polar mode 13 was applied to observe the formation of magnetic domains and to confirm the nature of anisotropy as derived from the magnetization loops.
V ͑110͒ epitaxy on sapphire is possible at room temperature but two epitaxial variants are observed. Therefore, 50 nm thick V seed layers were grown at a substrate temperature near 1000 K after which only one single variant is observed. The Kurdjumov-Sachs epitaxial relationship between bcc͑110͒ and fcc͑111͒ is expected to occur during the growth of Ni on V ͑110͒. However, from the RHEED signals we found that the first two Ni atomic planes do not grow in the regular fcc Ni ͑111͒ hexagonal lattice but in the bcc Ni ͑110͒ rectangular lattice. In order to obtain Ni and Co in-plane hexagonal lattices for a Ni thickness equal to 3 ML, a second 10 ML Au seed layer was grown on top of V before the deposition of the single layer ͑SL͒. fcc͑111͒ Au epitaxial growth is obtained and we were able to grow Ni and Co hexagonal surface lattices on top of Au ͑Fig. 1͒. Using XPS and AES we found that Co/Ni interdiffusion is only significant for temperatures higher than 600 K. This means that the Co and Ni layers are not intermixing at room temperature. Clear RHEED intensity oscillations were observed during the growth of Au on V, Ni on Au, and Co on Ni at roomtemperature. These RHEED intensity oscillations are typical of layer by layer growth as shown in Fig. 1 for the two first bilayers of a Ni 3ML Co 0.75ML SL. The damping of the RHEED intensity oscillations which is observed during the SL growth with time is related to the decrease of surface terraces length, rather than an increasing roughness during the growth. Indeed, the RHEED patterns recorded at the end of the SLs growth are typical of flat surfaces ͓Figs. 1͑b͒ and 1͑c͔͒.
Representative magnetic domain images obtained during the switching of magnetization are displayed in Fig. 2 . For all samples the domains show clear signatures of perpendicular anisotropy. With increasing thickness or Co addition a reduction in the magnetic domain size during reversal and in the demagnetized state is observed ͑not shown͒. The dependence of the domain size upon Co layer thickness becomes clear from the magnetic property analysis. As expected from the Kerr micrographs, the hysteresis loops clearly show that the magnetization is preferably aligned out-of-plane for Co layer thicknesses below 3.5 ML ͑Fig. 3͒. The easy axis of magnetization is aligned along the SL's ͑111͒ direction, which is normal to the growth plane. The saturation magnetization per unit surface area M s / S increases linearly with Co layer thickness ͓Fig. 3͑a͔͒. The experimental data are in very good agreement with the expected value, which is estimated from the weighted average of the M s of bulk Co and of bulk Ni: 1400 and 485 emu/cc, respectively. In Fig. 3͑b͒ the anisotropy constant K 1 is estimated by comparing the in-plane and out-of-plane M-H loops and analyzing the data using the Stoner-Wolfarth model. Also shown in Fig. 3 is the position of the FMR absorption maximum, H res , plotted versus fre- ͑bottom͒ Corresponding hysteresis loops measured by SQUID on these samples.
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quency for Co thickness of 2.5 ML. The x-axis ͑f =0͒ intercept enables determination of K 1 , as described in Ref. 12 . A very good agreement is obtained between the two methods.
Moreover, Fig. 3 shows that the magnetocrystalline anisotropy energy ͑which tends to pull magnetization out of plane͒ and the demagnetization energy ͑which forces magnetization to lie in-plane͒ become comparable for a cobalt thickness of 3.5 ML Very high perpendicular anisotropy constant is found, comparable to the values of sputtered thin films. 6 The perpendicular anisotropy strongly increases for Co layer thickness in the submonolayer range, reaching a maximum value at X = 1 ML, and slowly decreases for Co layer thickness up to 4 ML. The perpendicular magnetic anisotropy coming from the strong magnetocrystalline anisotropy along ͑111͒ direction in Co is enhanced by the strong interfacial Co/Ni anisotropy for the ͑111͒ hexagonal lattice.
In summary, single crystal Ni/Co͑111͒ SLs have been grown which show strong perpendicular anisotropy. We demonstrated that in this system magnetization and magnetocrystalline anisotropy may be tuned by changing the relative thicknesses of layers in the SLs. Since Cu can be grown epitaxially on Co/Ni SLs, this material has great potential for creating fully epitaxial spin valve structures which will be a model system for spin transfer torque research and applications. ͑Color online͒ Data for a series of SLs with 3 ML of Ni, Co coverage varying from 0 to 4 ML, repeated ten times. ͑a͒ Saturation magnetization per unit surface area versus Co layer thickness from magnetometry ͑open circles͒ compared to the calculated value assuming magnetization value of the bulk Co and Ni-͑solid line͒ ͑b͒ Frequency dependence of the resonance field for the multilayer film with 2.5 ML Co. The x-intercept gives the perpendicular anisotropy constant. ͑c͒ Energy density ͑Perpendicular magnetocrystalline anisotropy constant and demagnetization energy density͒ vs Co layer thickness. The anisotropy constant is deduced from magnetometry ͑open circles͒ and FMR measurements ͑full circles͒. The dash lines are guide to the eyes. The demagnetization energy density ͑full line͒ is calculated assuming magnetization value of the bulk Co and Ni.
